The effect of 14 organic cations on the optical properties of the lead iodine perovskite is analyzed. The electronic and optical properties are obtained using first principles. The absorption coefficients are split into inter-atomic species components in order to quantify all of the contributions. For energies close to the bandgaps, the main contribution is from the Pb-Pb intra-species transitions. For higher energy this contribution is still important in addition to I-I and Pb-I contributions, and to the 3 and 4 species term. Almost all absorption properties are qualitatively similar. Furthermore, this absorption coefficient splitting also allows the optical characteristics that the substitution of Pb by another element should satisfy to be identified in order to reduce the toxicity because of Pb while maintaining a high absorption capacity.
The electronic properties of perovskite compounds are determined mainly by the octahedra (Figure 1 ). Although cation A does not directly contribute to the electronic properties, its size can cause distortion in the Pb-I distances and angles. Therefore, indirectly, the A cations affect the electronic properties. Higher efficiency is still possible through structural modification using different organic cations A.
Furthermore, the instability of the lead iodine perovskites, in particular due to water degradation, could be suppressed by exchanging the organic cation A. There are a lot of possibilities for the replacement of the organic cation. In the literature the influence of the cation on the electronic structure has been studied for some cations ( [8] , formamidinium [9] ). In this work we have analyzed the electronic and optical properties of 14 organic cations as detailed in Table 1 .
One of the properties that determine the conversion of solar energy is the absorption coefficient. For this reason we will focus our study on this optical property by evaluating its variation with different organic cations. We will use first principles to evaluate the electronic and optical properties. In addition to analyzing the absorption coefficients in depth, we will split them into contributions due to excitations between the atomic species that make up the material. This decomposition allows us to identify and quantify the most important contributions as a function of the photon energy. This will be described in the methodology section. Later the results are presented and compared with other theoretical and experimental results. Finally, the main conclusions of this work are set out.
Methodology
The electronic and optical properties are obtained from first-principles calculations based on density-functional theory (DFT) [10, 11] . We use the Perdew-Burke-Ernzerhof [16] . For all cations the calculations have been carried out with spin-polarization, periodic boundary conditions and 256 (405) special k points in the irreducible Brillouin zone for the electronic (optical) properties. The structure parameters used in the calculation were taken from reference [17] .
The imaginary part of the dielectric function is calculated within the random phase approximation according to:
where and label the bands of the system, is the momentum matrix element between and bands, and and are the corresponding energies and occupations of the -bands. The other optical properties were obtained from the imaginary part of the dielectric function using the Kramers-Kronig relationships [18] .
We have developed a method [19] for calculating the contributions to the optical properties starting from first-principles calculations. Firstly the are split into different species contributions in accordance with . When A≠B, is an interspecie element that couples the basis set functions on different species atoms A and B. If A=B, represents an intra-species contribution. Since the optical properties depend on the square of the momentum operator, they can be expressed as a many-specie expansion;
for example, the absorption coefficient . The first term involves intraspecies (A=B) and inter-species (A≠B) contributions . involves 3-
A a = å å species (A≠B≠C) and 4-species (A≠B≠C≠D) contributions. Note that there are no terms larger than those of 4 species. Obviously the terms of two, three and four species will only be present if the compound has more than one, two, and three species respectively.
Usually is much smaller than and , except in compounds with a large number of species. This is the case of the perovskites analyzed in this work. Figure 2a shows the values of the bandgap obtained for all the organic cations analyzed ( Table 1) . To compare, the results from reference [17] with different exchangecorrelation functional (GGA from Perdew-Wang (GGA-PW) [20] and Heyd-ScuseriaErnzerhof (HSE06) [21] ) and basis set (plane wave basis set), are also shown. The bandgap results of this work are in general larger than those obtained using the GGA-PW and lower than those obtained using the more sophisticated, and expensive computationally, HSE06. In accordance with other theoretical analyses in the literature [22] , generally the use of a localized basis set combined with the GGA-PBE functional provides reasonable estimates of the bandgaps and cell geometry in organic-inorganic metal halide perovskites. It represents a compromise between accuracy and computational cost. Among the reasons for this good match with the experimental results may be: (i) with respect to the basis set, a localized basis set is able to represent better the limited combination of states between the organic cations and the PbI6 octahedron than a plane wave basis set for energies close to the bandgap; (ii) with respect to the GGA methodology, it is widely known that the GGA usually underestimates the bandgap due to the self-correlation errors. On the other hand, because of the presence of Pb, the relativistic effects such as spin−orbit coupling, which is not considered here, would The bandgap comparison among the organic cations in Table 1 iodine and lead states. However, the size of the organic cation can distort the octahedra, and therefore, indirectly influence the electronic properties.
Results and discussion
For the absorption of solar radiation and its subsequent energy conversion, the most important optical property is the absorption coefficient (AC). The ACs obtained for the lead iodine perovskites with all the A organic cations in Table 1 are shown in species are only present for ternary (quaternary) and higher compounds. In addition, as it was previously mentioned in the methodology section, there are no terms greater than four species in the many-body species expansion of optical properties. Note that this decomposition is exact and serves to evaluate the different contributions to the absorption coefficient. The term, represented in Figure 7 , also has a high contribution similar to the Pb-Pb, I-I, and Pb-I contributions, but for higher energies. In fact, is the highest term between around 3 eV for some cations. The transitions contribute to the optical properties for energies corresponding to the difference between the energies of the final and initial transition states. As it has been aforementioned, the electronic states of the (Figures 4-6) . Similarly, the peak around 3.10 eV in the A=Me experimental absorption spectrum [25] , present for almost all cations (Figure 3) , is due to mainly to I-I ( Figure 5 ) and Pb-I (Figure 6 ), and with a lower proportion to Pb-Pb. These contributions mainly came from s(I)-p(I), p(Pb)-p(I) and s(Pb)-p(Pb) respectively.
The optical absorption band between 2.5-2.7 eV [24] for A=Me is also mainly due to the intra-specie transition Pb-Pb [26] , although with a large I-I contribution ( Figure 5 ).
It can be observed more clearly in the Ref. [25] where the total and split AC for each cation are represented separately. This band is present for almost all cations, although the size of the absorption band is different depending on the organic cation. The more important difference of the A= cation with respect to other cations is the displacement of the absorption band between 2.5-2.7 eV for the intra-species term Pb-Pb (Figure 4 ) towards higher energies (~3.0-3.3 eV).
A
Both the experimental absorption band between 3.2-3.5 eV [24] and the peak around 3.10 eV also have a high contribution of terms of 3 and 4 species ( , Figure 7) , which in some cases is even higher than the I-I and Pb-I.
Conclusions
The However, the 3 and 4 species term has a contribution similar to the previous ones, and even higher in the case of some cations. Therefore, although the organic cations do not directly contribute to the optical properties through intra-and inter-species terms, they do contribute indirectly via terms of 3 and 4 species. (Table 1) with other results in the literature using different methodology 
